The /J-fructosidases from the thermotolerant fungus, A. ficuum, were characterized. All were active as to inulin and sucrose hydrolysis with different specificity constants (kcatIKm). The enzymes were classified according to the ratio (a) of the specificity constants for inulin (I) and sucrose (S). The invertase showed an a value of lower than one, while the inulinases had a values of higher than one. The a ratio is proposed for the classification of /?-fructosidases into the inulinase (EC 3.2.1.7) and invertase (EC 3.2.1.26) groups. The amino acid composition, pH and temperature profiles, ultracentrifugation analysis results and effects of metal ions and effectors were studied. The data confirmed the preceding classification based on the I/S ratio, on the mode of action of inulinases (exo or endo) during inulin hydrolysis and on the molecular properties of the proteins.
Inulin is a fructose polymer found in plants such as the Jerusalem artichoke, chicory and dalhia. It is built up offructose units linked by jS-2,1 bonds with a terminal glucose. Enzymes that degrade inulin were first isolated and characterized in plants.1~3) They were called inulinases (or inulases) and classified as 2,1-/?-D-fructan fructanohydrolases (EC 3.2.1.7).
These enzymes are potentially useful for the preparation of high fructose syrups from inulin. Consequently, several microbial enzymes were isolated and characterized.4)
Unlike plant enzymes, microbial inulinases showed high sucrose hydrolyzing activity. Most of them were more active on sucrose than on inulin. In other words, the I/S ratios (activity on inulin divided by activity on sucrose) were less than 1. Thus, the difference from invertase (EC 3.2.L26) was not clear and only based on the I/S ratio.5) This method is simple and easy to use, but it may be difficult to apply since the I/S ratio varied with the experimental conditions used to assay both activities.6'7) In this paper, we propose the use of the ratio To whomcorrespondence should be addressed. 61 of the specificity constants, kcat/Km, for inulin and sucrose for the definition ofinulinases. We have applied this method to the nine /?-fructosidases purified from the thermotolerant fungus, Aspergillus ficuum,8) and we describe some molecular and enzymatic properties of these enzymes.
Materials and Methods
Purification of A. ficuum inulinases. The commercial preparation, Novozym230, was obtained from Novo Industrie S.A. (Paris, France) and used as the starting material. The inulinases were purified by ammonium sulphate fractionation and DEAE-Sephacel, Ultrogel AcA/34 and DEAE-trisacryl chromatographies according to the procedures described previously.8)
Enzyme assays. The activity toward inulin or sucrose was determined by incubation of a suitable amount of an enzyme solution in a 0.1 msodium acetate buffer (pH 5.0) containing either 10g/l inulin (Merck, Darmstadt, FRG; free of reducing sugars) or 50mM sucrose for lOmin at 30°C. The resulting reducing sugars were then assayed using the Somogyi-Nelson reagent. Table I . Calculations were performed using, for each protein, a molecular weight determined from the amino acid analysis results by the method of Delaage.14) This method is based on minimization of the Y function defined as follows: 
Effects of temperature and pH on activity
The activities on inulin and sucrose were assayed under the standard conditions (incubation, lOmin) at temperatures from 10 to 85°C. Inulinases Exol, Exoll and Endol were active in the whole range tested, as shown in Fig. 1 The effects of changes in pH of the assay mixture on activity were examined for both inulin and sucrose hydrolysis. Activities were determined under the standard conditions using a 0.1 m sodium acetate buffer, from pH The activities were assayed under the standard conditions.
3.5 to 5.6 and a 0.1m potassium phosphate buffer, from pH 5.7 to 8.0. Inulinase Exol was active in the whole pH range tested, with an optimum at 4.7 for both substrates, inulin and sucrose, as shown in Fig. 2 .
The activity increased rapidly from pH 3.5
to the maximumlevel and then decreased slowly to pH 8.0. At this pH, the rate ofinulin hydrolysis was still around 40% of the maximum value, while it was only 10% for sucrose hydrolysis. The pH-activity profiles for inulinases Exoll and Endol were similar to that for inulinase Exol (data not shown), with optimum values at pH 4.7 for both enzymes and substrates tested. These optimum pHs were quite similar to those of other microbial inulinases,4 18"20) which are all more active at acidic pH.
Synergic action of inulinases Exol and Endol
The rate of inulin hydrolysis was assayed, under the standard conditions, with inulinases Exol and Endol, either separately or together.
As shown in Table III , for different inulin concentrations, a strong synergic effect was observed. The rate of inulin hydrolysis by the mixture of inulinases was 10-fold higher than that expected from the sum of the activities of in- we thought that this was the result of the use of an inulin preparation (Merck, U.S.A.) with no reducing sugar (less than 0.6%) and of a homogeneous molecular mass. Non-Michaelian kinetics have been reported by several authors for other commercial inulin preparations.17' 24' 25) Using a molecular mass of 5000 for inulin, the Michaelis constants, Km, were estimated (Table IV) . The highest one was observed for the invertase.
Exoinulinases have Km of around 0.010-0.015m and endoinulinases showed the lowest Km(0.001-0.010m).
The catalytic constants (kcat) were also estimated using the absorption coefficients determined by ultracentrifugation (see above) and the molecular masses determined by SDS-65 PAGE.8) The invertase showed (Table  IV) The specificity constants, kcai/Km,26) are also presented in Table IV . As expected, the invertase showed the lowest one, which confirmed that inulin was not a good substrate for this enzyme. The specificity constants for exoand endoinulinases varied markedly from 5.2 to 65.5m"1 sec"1, the exoinulinase group being more heterogeneous than the endoinulinase one. Taking into account the amountof each protein present in the culture mediumof A. ficuum8) and the kcJKm values, it appeared that most of the inulin hydrolysis was due to endoinulinase I (41%) and exoinulinase V (26%). Exoinulinases I and II, which represented 27.2 and ll.8% of the total proteins, respectively, accounted for only 6 and 9%of the inulin hydrolysis according to these calculations.
The effect of varying the sucrose concentration on the activities of the nine /?-fructosidases was examined in the range of 0-250 mM,using the standard assay conditions, and the derived kinetic parameters are presented in Table IV . Endoinulinases showed the lowest catalytic constants and the highest Michaelis constants. Consequently, they had b Fromref. 8. specificity constants of around 7-fold lower than exoinulinases. As expected, the invertase showed one of the highest specificity constants. Surprisingly, exoinulinases II and V were as active as the invertase on sucrose, with kcJKm of 6.1 and 7.7, respectively. Taking into account the amount of each protein in the culture medium, it appeared that most of the sucrose hydrolysing activity was due to three enzymes: exoinulinases I (30%), II (23%) and V (22%). The contribution ofendoinulinases I, II and III was quantitatively negligible (less than 5%). The kinetic parameters for inulin and sucrose hydrolysis are compared in Table   IV for the nine^-fructosidases of A. ficuum.
Three ratios are shown: catalytic constants
and activity (I/S). Using the three parameters the enzymes could be easily classified into three groups. The first group contained the enzymewhich was much more active on sucrose than on inulin, i.e., the invertase. Whenmeasured under the standard conditions, the sucrose hydrolyzing activity was 100-fold higher than the inulin hydrolyzing activity. Invertase was the only enzyme to showan a value of lower than one. The second group contained the five exoinulinases. All these enzymes had I/S ratios in the range of 0.16-0.36 and a ratios offrom 1.5 to 8.5. They were very active on both substrates, inulin being the best. The third group contained thethree endoinulinases, which showed the highest I/S and a ratios. These enzyme were much more active on inulin than on sucrose. This classification was clearly possible on the basis the a ratio alone.
Effects of metals ions and chemicals
Strong inhibition of the inulin and sucrose hydrolysis activities was observed for the nine /?-fructosidases in the presence of 0.02mM HgCl2. Inhibition was also observed with AgNO3 and MnCl2, but at higher concentrations; 0.3 and 0.2mM, respectively. The activities on both inulin and sucrose were affected in parallel for all the enzymes and products tested. inulin and sucrose hydrolysis, the /?-fructosidases were tentatively classified into three different groups. The ratio of the specificity constants for inulin and sucrose (a ratio) was proposed as the best parameter for classification. The first group contained one enzyme with an a value of less than one (invertase).
The second group contained five enzymes with ol values of between 1 and 10 (inulinases Exol, Exoll, Exolll, ExoYV and ExoV). The third group contained three enzymeswith a values of higher than 10 (inulinases Endol, Endoll and Endolll). The same classification was possible on the basis of the I/S ratio or the ratio of the catalytic constants for inulin and sucrose. However,the separation between groups was more clear-cut with the a ratio rather than with the two other ratios (Table IV) .
Group I, defined as above, contained a B-fructosidase which greatly resembled an invertase (or sucrase). The enzyme was much more active on sucrose than on inulin, and its molecular mass (84,000 daltons)8) was higher than those of all the other /} fructosidases. Groups II and III contained^-fructosidases which showed a higher specificity for inulin than sucrose, as reflected by their a values of higher than one. These /?-fructosidases were called inulinases. It is interesting to note that, under the conditions used, the I/S ratios for most of the inulinases (Table IV) were lower than 1, as well as the ratios of the catalytic constants for inulin and sucrose. Thus, these two parameters were not suitable for enzyme classification.
We propose the general use of the oc ratio to classify /?-fructosidases.
According to our definition inulinases would be enzymes able to hydrolyze both inulin and sucrose with an a ratios of higher than one.
It is interesting to note that the classification of the /?-fructosidases from A. ficuurn on the basis of only a values was consistent with other enzymatic or molecular properties.
For instance, the endoinulinases, which form oligofructosides by splitting internal /?, 2-1 bonds in the inulin molecule, all showed a values of higher than 10. The other enzymes showed a values of lower than 10 and removed fructosyl residues in an endowise manner. Moreover, the molecular masses of the exoinulinases were higher (74-76,000 daltons) than those of the endoinulinases (64-66,000 daltons).8) Consequently, the three groups of /?-fructosidases showed very distinct molecular and kinetics properties, and it maybe postulated that they are the products of, at least, three different genes. In contrast, it was not clear whether the occurrence of five exoinulinases and three endoinulinases was the result of artifactual degradation during enzyme purification or of the presence of different enzymes. It should be pointed out that both the sugar contents (for all enzymes) and amino acid compositions ( From the catalytic properties of inulinases Exol, Exoll and Endol, it appeared that parameters like temperature or pH had a different effect on inulin or sucrose hydrolysis activity. This result suggested that the active sites of the inulinases are composed of two parts: one being involved in sucrose hydrolysis and the other in inulin hydrolysis. The sensitivity of the sucrose part of the active site to temperature maybe less than that of the inulin part. In addition, we have demonstrated, using oligofructosides of different length, the occurrence of subsites for substrate binding in the inulinase active site (unpublished data). Thus, it may be postulated that inulinases possess a commoncatalytic site for sucrose and inulin hydrolysis and different binding sites. The hypothesized commoncatalytic site was in agreement with the results obtained as to metal ions and effectors, which showed the sameeffects on sucrose and inulin hydrolysis activities. In addition, it may be postulated that the inulin binding site is more sensitive to heat inactivation than the sucrose binding site because of its expected greater size.
